Parasites and pathogens are possibly key evolutionary forces driving recognition systems. However, empirical evidence remains sparse. The ubiquitous pioneering ant Formica fusca is exploited by numerous socially parasitic ant species. We compared the chemical cue diversity, egg and nest mate recognition abilities in two Finnish and two UK populations where parasite pressure is high or absent, respectively. Finnish populations had excellent egg and nest mate discrimination abilities, which were lost in the UK populations. The loss of discrimination behaviour correlates with a loss in key recognition compounds (C 25 -dimethylalkanes). This was not owing to genetic drift or different ecotypes since neutral gene diversity was the same in both countries. Furthermore, it is known that the cuticular hydrocarbon profiles of non-host ant species remain stable between Finland and the UK. The most parsimonious explanation for the striking difference in the cue diversity (number of C 25 -dimethylalkanes isomers) between the UK and Finland populations is the large differences in parasite pressure experienced by F. fusca in the two countries. These results have strong parallels with bird (cuckoo) studies and support the hypothesis that parasites are driving recognition cue diversity.
INTRODUCTION
Parasites and hosts engage in various coevolutionary arms races that are predicted to be a key force that influences many biological processes from speciation to recognition systems in particular [1] [2] [3] [4] . Some of the best examples for the latter involve studies on cuckoos, since the interests of host and cuckoo are diametrically opposed. 'Cuckoos' are brood parasites that lay their eggs in the nest of a host species that then rear the cuckoos' offspring. This trait has evolved many times across various taxa including fishes [5] , birds [6] and insects [7] . In birds, it is known that egg discrimination is a widely used tactic by hosts against cuckoos [6, 8] . It has also been suggested that ant hosts could theoretically defend themselves against parasites through improved recognition abilities and that this should correlate with high parasite pressure [9] . However, the precise recognition abilities of social insects are also important in recognizing nest mates from non-nest mate conspecifics [10] , and the respective roles of social parasitism and conspecific nest mate recognition in the origin and maintenance of recognition systems are unclear.
While social parasitism includes a wide range of interspecific relations [7] , the most integrated social parasites in ants, and also highly harmful to the hosts, are those that invade the nests of other species and trick host workers into becoming their workforce. This behaviour takes three main forms: slave making, inquilinism and temporary social parasitism [11] . Slave-making ants continually raid other ant nests to steal their worker brood to refresh their workforce, whereas inquline queens live their whole lives inside a host colony. In temporary social parasitism, colony-founding queens invade a host colony, kill the resident queen and use the host workers to rear her brood, which progressively replaces the host worker population. Colony-foundation by temporary social parasitism is a common strategy among wood ants and their relatives (Formica rufa group, Formica exsecta group, Formica sanguinea). Especially monogynous (single queen per colony) and monodomous (single nest per colony) wood-ant colonies result from a successful take-over of a host colony [7,12 -14] . Such forms are common in southern Finland ( [12] ; S. J. Martin, H. Helantera & F. P. Drijfhout 2005 -2010, personal observations). By contrast, in the UK wood ants are rare, presumably because habitat loss and fragmentation have led to the extinction of many wood-ant species [15] . Colonies of the isolated populations of the few remaining species of wood ants possess many queens (polygyny) and colony establishment occurs more often by budding than parasitism [7] . Consequently, in the UK, interspecific parasitism has rarely been recorded [16, 17] . The wood ants' main host is Formica fusca. This is a typical pioneer species that rapidly colonizes new areas of cleared forest and other disturbed habitats [18, 19] . It is widely distributed throughout the Palaearctic region, including southern regions of Finland and England, so the F. fusca populations in Finland are under high parasitic pressure from wood ants, whereas those in the UK are not (figure 1).
Unlike vertebrates, such as birds that discriminate an egg laid by a cuckoo from their own based on visual recognition cues, insects use chemical cues [10] . Recently, empirical evidence has shown that in ants particular groups of cuticular hydrocarbons act as nest mate recognition compounds [21] [22] [23] , and presumably the same compounds are also used in discriminating against parasitic intruders. Therefore, social parasites have evolved a range of chemical strategies such as mimicry or the use of repellent or appeasement substances [11] to successfully invade a host colony. However, less is known about how ant social parasites are able produce brood that are reared and not destroyed by the host workers (but see [24] ).
The ant F. fusca possesses nine different colony-specific pentacosane dimethylalkane isomers (C 25 -dimethylalkane). These are the only compounds that contain information necessary for nest mate recognition, i.e. vary both in number and proportion between colonies, but remain stable within colonies [20] . Dimethylalkanes represent over half of the 1000þ cuticular hydrocarbons of ants currently described [25] and are known to play a role in nest mate recognition [26] . These putative nest mate recognition compounds of F. fusca are the focus of this investigation as this allows us to investigate the hypothesis that selection imposed by parasites is necessary for maintenance of recognition cue diversity. We compared the C 25 -dimethylalkane diversity (number of isomers) of workers and eggs from F. fusca populations in areas of high (southern Finland) and no/low (southern England) parasitic pressure. In addition, for the recognition of adult individuals, F. fusca are also able to discriminate between visually indistinct conspecific nest mate and non-nest mate eggs [27, 28] . Behavioural bioassays were used to establish the discriminatory abilities of the workers from the two countries, against workers and eggs from conspecific colonies. Both adults and eggs were tested since invading parasite queens need to overcome two barriers, entering the colony and getting their eggs accepted, in order to establish a new colony and so are two areas where they may be driving cue diversity. We predict that the lack of cue diversity leads to weakened nest mate and egg discrimination in the UK populations. (b) Egg bioassays Eggs for the bioassays and chemical analysis were obtained by isolating the F. fusca queen for 24 h at room temperature in a darkened Petri dish. This ensured that the cuticular hydrocarbon profile of the eggs was not influenced by the workers that tend the eggs. Then two rows of eggs (control and test) were placed on a glass slide and placed inside the discriminator colony. Control eggs came from the discriminator colony queen and the test eggs were from a different colony in the population. The reaction of individual ants towards each egg was recorded as accepted or rejected. An accepted egg was one was that antennated and picked up in the worker's mandibles and then carried off into the colony, whereas a rejected egg was one that was clearly checked using the antenna but not picked up or picked up, antennated and then dropped. A total of 100 eggs from six different colonies were used for each species. The proportion of nest mate and non-nest mate eggs accepted were then compared using Fishers' exact test.
MATERIAL AND METHODS
(c) Aggression bioassays Aggression bioassays between nest mate or non-nest mate workers for colonies derived from the same populations were recorded after dyadic encounters in a neutral arena (Petri dish) using a five-point scale: 1, ignore; 2, antennation; 3, mandible gaping; 4, attack; 5, fighting. The highest scoring encounter during a 3 min period was recorded. Preliminary trials showed that the average time until individuals first encountered each other was 13 s, indicating that 3 min would be sufficient time for an encounter to take place. By using workers from six different colonies, up to 45 non-nest mate encounters and 10 nest mate encounters were recorded for each population. The Mann-Whitney U-test was used to compare the aggression indices between nest mates and non-nest mates from the two populations. The exact significance is reported.
(d) Chemical methods and analysis Ten eggs and five workers were collected from each colony prior to the bioassays and placed in pairs (eggs) or individually (workers) into glass inserts containing 30 ml of hexane. After 10 min, the ants were removed and hexane allowed to evaporate; eggs were not removed. Vials were sealed and stored at 58C. Just prior to the analysis, 25 ) were subsequently analysed since it is known that only these compounds are colony specific [20] . In cases where C 25 -dimethylalkanes overlapped because of having similar retention times, a characteristic ion of a compound was used to delineate the area of the total ion chromatogram for integration. This introduced some margin of error, but this was expected to be equal across all samples analysed. In cases where isomers completely overlap (e.g. 3,11-diMeC 25 and 3,13-diMeC 25 ), peak area was divided according to the ratio in which the diagnostic ions were present. Owing to the small size of eggs relative to adult workers, the amount of C 25 -dimethylalkanes extracted was two orders of magnitude lower. Therefore, it can be difficult to determine proportions accurately and minor compounds on workers were often difficult to detect on the eggs. Owing to these detection problems, we did not expect to find a precise match in the proportions of x,y-diMeC 25 compounds between eggs and workers, but did expect a close qualitative match between eggs and workers of the major compounds.
(e) Genetic methods and analysis DNA extraction and microsatellite genotyping were carried out as described in Seppä et al. [30] . Signals of a population bottleneck in the distribution of allele frequencies were tested with the software BOTTLENECK [36] . Sign tests and Wilcoxon tests were carried out for the Infinite allele model, Stepwise mutation model and Twophase model (four different runs for Two-phase model, with the proportions of stepwise mutations and variance for mutation step length in multi-step mutations at 70/30, 70/20, 80/20 and 90/10, respectively), and significant one-tailed p-values for heterozygosity excess were looked for. Furthermore, deviations from an L-shaped distribution of allele frequencies, which would indicate loss of rare alleles in bottlenecks, were looked for [36] .
RESULTS (a) Cue diversity
In F. fusca, variation in the synthesis of nine different isomers of C 25 -dimethylalkanes is sufficient to produce unique colony profiles [20] . The C 25 figure 1) .
The major C 25 -dimethylalkanes extracted from workers and eggs from the same colony were the same in all Finnish and English colonies investigated (figure 2). Therefore, the C 25 -dimethylalkanes diversity was also significantly (t 9 ¼ 23.66, p , 0.005) lower in eggs laid in English than Finnish colonies.
(b) Egg and worker discrimination At the behavioural level, workers form the Finnish F. fusca populations were significantly more aggressive (U ¼ 34.5, p , 0.0001) towards non-nest mates than nest mates and accepted significantly more (p , 0.0001) nest mate than non-nest mate eggs. However, workers from the English F. fusca populations were not significantly (U ¼ 111.5, p ¼ 0.07) more aggressive towards non-nest mates than nest mates and did not accept significantly (p ¼ 0.2) more nest mate than non-nest mate eggs (figure 3). The response of workers towards their colony nest mates and eggs was not significantly different (U ¼ 50, p ¼ 1 nest mates, p ¼ 0.6 eggs) between the Finnish and English populations. However, the response of Finnish and English workers towards conspecific non-nest mates and eggs was significantly different (U ¼ 290, p ¼ ,0.0001 non-nest mate, p , 0.0001 eggs) between the two populations ( figure 3 ).
(c) Gene diversity We can rule out the possibility that fragmentation or a decrease in population size of the UK populations has caused a loss of variability by drift, which is possible even if there is still selection to maintain cue variation, since there was no difference in neutral gene diversity between the UK and Finnish populations (average gene diversity for microsatellite loci in the UK H sk ¼ 0. 48 
Furthermore, no indication of a population bottleneck in the UK sample was found in the distribution of allele frequencies (all p-values for bottleneck tests .0.22, an L-shaped distribution of allele frequencies with 46% of the alleles with a frequency ,10%).
DISCUSSION
We demonstrate that recognition cue diversity is low in populations of the UK F. fusca and high in Finnish populations. We have ruled out that this is not owing to loss of underlying genetic variability by drift in the fragmented UK populations. Furthermore, species-specific hydrocarbon profiles of non-host Formica ants remained remarkably stable between Finland and the UK and are not expected to be influenced by ecological factors such as soil, vegetation or climate [37] . Therefore, the most parsimonious explanation for the difference in the cue diversity between the UK and Finland populations is the large differences in parasite pressure experienced by F. fusca in the two countries ( figure 1) . Therefore, parasite pressure appears to be a main driver of recognition cue diversity in this species of ant. This finding parallels, for example, that in weaverbirds, who in the absence of their cowbird parasites lose clutch specificity in egg appearance [8] . In the case of F. fusca, the lack of cue diversity is also reflected in accuracy of conspecific nest mate recognition.
The UK F. fusca population has lost all the 5,y-diMeC 25 compounds and in the majority of colonies produce predominantly a single C 25 -dimethylalkane (11, ). Interestingly, the 11,15-dimethylalkanes are the most commonly produced dimethylalkanes among the ants [25] . However, much more information on the biosynthetic pathways is needed before we can comment on why some dimethylalkanes are lost and others retained.
Cuticular hydrocarbons in insects [38] , including Formica ants [39] , are at least partly genetically controlled as is the egg appearance (colour and spottiness) and egg discrimination behaviour in birds [40] . The similarity of adult and egg hydrocarbon profiles is widespread among the ants ( [41, 42] ; this study), hornets [43] and bumblebees (S. J. Martin, H. Helantera & F. P. Drijfhout 2009, unpublished data) but unusually not in honeybees [44] Correspondingly, ants, hornets and bumble-bees all possess heterospecific cuckoos but honeybees, until very recently, had no associated social parasites. Honeybees have poor egg discrimination abilities since queen-laid eggs can be moved successfully between colonies. This lack of egg recognition is a key factor which allowed the parasitic Capensis honeybees to get host honeybees to accept and rear their eggs [45] . In birds, pressure from brood parasites is correlated to both intra-and interspecific variation in the ability to discriminate against foreign eggs [6] , but in social insects similar comparative predictions await testing, and it is not known whether recognition of nest mate eggs is limited to host species of social parasites.
Although there are strong parallels in the coevolutionary arms race driving egg recognition, insect cuckoo queens face a potentially bigger problem of invading the host colony occupied by tens to thousands of host workers, so several mechanisms may be employed. For example, studies with parasitic Polyergus queens suggest Drivers of cue diversity in ants S. J. Martin et al. 499 that they may be able to acquire chemical profiles from the host queens [46] , or use appeasement chemicals [47] , and thus at least partially surpass the usual nest mate recognition system during colony entry. Outside ants, in cuckoo bumble-bees, some species use chemical mimicry [48] while other use repellents [49] similar to those used by slave-making ants during raids [50] . Several species of bumble-bees have relatively simply cuticular hydrocarbon profiles and these are mimicked by hostspecific cuckoo bumble-bees [48] . However, some bumble-bee hosts have a larger cue diversity making mimicry more difficult, and in these cases, the cuckoo bumble-bees are unique in their production of repellents in order to invade the host colony [48] .
Because we understand the colony-specific recognition cues in both a social parasite (F. exsecta) and its host (F. fusca), it is now possible to study what determines a successful or failed nest invasion. Future studies should assess whether chemical similarity between parasite queens and hosts is necessary for both a successful entry to a host colony and subsequent egg acceptance, and what is the role of imprinting mechanisms of the host workers on eggs [28, 51] .
This study provides empirical evidence suggesting that in social insects the presence of parasites drives the diversity of recognition compounds. Maintaining diverse cues appears to be costly, since when parasite pressure is lacking cue diversity is greatly reduced, to a point where discrimination abilities are lost. Importantly, the lack of cue diversity is also reflected in the abilities to recognize conspecifics. This suggests that in F. fusca diverse cues are costly to produce and that the selection for rare cues from conspecific nest mate recognition [52] alone is not strong enough to maintain diversity. Similar loss of diversity has been observed in F. exsecta, where polygynous colonies have lost colony specificity of their Z9-alkene profiles ( [23, 53] ), possibly because minimal encounter frequencies with non-nest mates make discrimination against conspecific nest mates unnecessary. However, our data from F. fusca are also compatible with the idea that kin recognition itself may select against rare cues (Crozier's paradox, [54, 55] ), and thus systems for kin recognition need external selection pressures, such as parasites [56] , for the maintenance of cue variability. Since theoretical models that make different assumptions on the fitness effects of diverse cues make opposite predictions [52, 54] , work on the effects of cue diversity on recognition abilities and on the effects of encounter frequencies and recognition errors on fitness of colonies is required before alternative scenarios can be evaluated. In summary, chemical egg recognition appears to have evolved in response to brood parasitism in ants and has strong parallels with visual egg recognition in bird (cuckoo) studies [6, 57] and supports the hypothesis that parasites are driving recognition cue diversity [1] . The generality of the observed patterns, both at the levels of chemical diversity and behaviour, remains to be tested systematically in other systems where the parasite pressure varies geographically between host populations such as Leptothorax ants and their Harpagoxenus slave makers [58] , or between closely related species. Furthermore, it remains open how diversity is maintained in social insects that do not have social parasites and how other factors, such as variation in kin structure, competition between conspecifics and non-social parasites play a role in maintenance of cue diversity and precise recognition abilities. Figure 3 . The behavioural differences in (a) conspecific worker aggression and (b) egg acceptance between nest mates and non-nest mates between the southern Finland and southern England populations. The Mann -Whitney U-test and Fishers' exact test were used to test for significance differences in aggression and egg acceptance, respectively. Sample sizes are also given. The asterisk indicates an outlier.
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